Abstract: The present study investigated the accumulation of stilbene compounds (trans-and cis-resveratrol, piceides, and piceatannol) and induction of gene expression related to their synthesis in the berries of 'Campbell Early' and 'Kyoho' grapes following treatment with water-based shoot extracts from hairy vetch and ryegrass. Trans-resveratrol was present in substantial amounts (4.1 ± 0.0 to 5.3 ± 0.07 µg/g fresh weight) in 'Campbell Early' and (7.6 ± 1.24 to 10.4 ± 0.35 07 µg/g fresh weight) in 'Kyoho', whereas trace amounts of cis-resveratrol were detected in treated grape berries. Moreover, the concentration of piceid and piceatannol in berries of both cultivars was markedly enhanced in response to treatment with plant extracts. Accumulation of stilbene compounds in berries increased at 24 h after treatment with the test extracts. Moreover, berries treated with extracts showed increased transcript levels of genes encoding enzymes involved in stilbene compound biosynthesis. Changes in the content of stilbene compounds were correlated with levels of stilbene synthase mRNA, indicating transcriptional control of stilbene synthase activity. Additionally, pre-treatment with the tested extracts resulted in reduced lesion size in berries inoculated with Botrytis cinerea. These results suggest that hairy vetch/ryegrass extracts can be used to elicit resistance responses against pathogen infection in grape berries.
Introduction
Grape (Vitis spp.), which is one of the most common fruits in the world, is exposed to various bacterial, fungal, and viral pathogens (Pearson & Goheen 1988) , leading to significant reductions in yields (Montesinos 2007) . Botrytis cinerea, the causal agent of grey mold, causes significant economic losses during grape production in Korea from bud break to pre-and postharvest (Jang et al. 1995) . However, chemical control of B. cinerea is often difficult due to the appearance of fungicide resistant strains (Kim et al. 1993) . Accordingly, it is necessary to develop eco-friendly management systems, such as antifungal compounds derived from natural organisms including bacteria, fungi, and plants during postharvest management of berries (Belhadj et al. 2008) .
Plant phenolics are a large family of compounds showing mostly antioxidant and antimicrobial activity. Some of these compounds, such as stilbenes, are naturally occurring in plants as one of self defence-agents (Chung et al. 2003) . These compounds have been found in grapevines (Jimenez et al. 2007) , pine trees (Kindl 1985) , and peanuts (Chung et al. 2003) . Until very recently, grapevine was the only stilbene-producing plant whose genome had been sequenced. At least 20 different stilbene synthase (STS) genes have been reported to be expressed in grape following infection with Plasmopara viticola (Richter et al. 2005) . It is worth mentioning that the phenylalanine ammonia-lyase (PAL) gene family encoding the first enzyme of the phenyl propanoids pathway has expanded in parallel to the STS gene family in Vitis spp. Grapevine and wine are important dietary sources of resveratrol to humans (King et al. 2006) . The synthesis of resveratrol in grape berries and leaves is known to be stimulated in response to biotic and abiotic stresses (Bavaresco & Fregoni 2001) . Moreover, stilbene phytoalexins, such as cis-and transresveratrol (Langcake & Pryce 1977) , trans-and cispiceid (Waterhouse & Lamuela-Raventos 1994) , pterostilbene (Pezet & Pont 1988) , and piceatannol (Guerrero et al. 2010; Piotrowska et al. 2012 ) have been identified in grapes. Cis-and trans-resveratrol, pharmacologically important stilbenes, are present in grape berry skins during all ripening stages, but are almost completely absent from the pulps (Chong et al. 2009 ). Chalcone synthase (CHS) and STS are key enzymes involved in the biosynthesis of antimicrobial phytoalex- ins (Eckermann et al. 2003) . STS has recently evolved from the closely related CHS in some plants (Tropf et al. 1994) , and both enzymes compete for the same substrates in the branching pathway leading to chalcone or resveratrol, respectively.
Plant stilbenes are synthesized from the general phenyl propanoids pathway (Fig. 1) . PAL, the first enzyme in this pathway, catalyzes monooxidative deamination of phenylalanine to produce cinnamate. STS condenses three molecules of malonyl-CoA and one molecule of cumaryl-CoA as substrates to form resveratrol (Fritzemeier & Kindl 1981) . The same substrates are also utilized by CHS, an enzyme important in flavonoids biosynthesis (Melchior & Kindl 1990 ). In recent years, resveratrol has generated a great deal of attention because it is considered a phytoalexin and thus part of the general defence mechanism (Bruno & Sparapano 2006) .
Hairy vetch (Vicia villosa) and ryegrass (Lolium perenne) are annual cover crops utilized to improve nitrogen status in soil in no-till cropping systems (Hoffman et al. 1993) . However, few studies of the effect of cover crop species against plant pathogens have been conducted. Some cover crops, such as Brassica species, were previously found to significantly inhibit the growth of plant pathogens (Larkin & Griffin 2007) . We also recently reported biologically active cover crop species against crown gall pathogen and their activity to induce the expression of genes related to defence responses in grapevines (Islam et al. 2012 (Islam et al. , 2013 (Islam et al. & 2014 . Therefore, in this study, quantitative accumulation of stilbene compounds, induced expression of the genes involved in the biosynthesis of stilbenes, and inhibition of grey mold disease development in response to hairy vetch and ryegrass extract were evaluated in 'Campbell Early' and 'Kyoho' grape berries.
Material and methods

Plant materials and treatments
Berries of 'Campbell early' and 'Kyoho' grapes were harvested when they were beginning to colour (early stages of veraison), after which they were detached from bunches with similar size and colour and treated with water-based shoot extract of hairy vetch and ryegrass at 50 mg/mL. Treated berries were then collected at 0, 6 and 24 h after extract application and stored at -80
• C until analysis. Each treatment consisted of at least three independent replicates, and each replicate consisted of ten berries.
Extraction and analysis of stilbene compounds from berry skin by HPLC After separation of the skin of the fruit, 1 g of fresh skin material of grapes was ground in a mortar and pestle in 2 mL of methanol, and the mixtures were then mixed vigorously by vortex for 3 min in the dark. After centrifugation at 13,000 rpm for 20 min, the supernatant was filtered through a fine mesh filter to remove the large particles. A total of 1.5 mL of each replicate was then collected and stored at -20
• C for further HPLC analysis. Aliquots were then filtered through a 0.45 µm membrane, after which 1 mL was moved into sample vials for initial analysis by HPLC for the stilbenes trans-and cis resveratrol, piceatannol and transand cis-piceid (Fig. 2) . HPLC analysis was carried out by HPLC-mass spectrometry (model 2695 HPLC, model 3100 MS, Waters, USA) according to the method described by Choi (2011) .
RNA extraction and first-strand cDNA synthesis Total RNA was extracted from treated and control grape berry skin according to the modified pine tree method of removing polysaccharides and phenolic compounds (Chang et al. 1993) . Total RNAs of all time courses were collected in three tubes for each series (control, and cover crop extract treated). The quality of the RNA was then checked on an agarose gel and the concentration and purity were determined using a spectrophotometer (model S-3130, Sinco Co. Ltd.) based on the absorbance at 260 nm and the A260/A280 ratio. First-strand cDNA synthesis was conducted using a PrimeScript TM 1 st strand cDNA synthesis kit (Takara Bio Inc., Japan) according to the manufacturer's recommendations. The synthesized complementary DNAs were further used for assessment of selected genes encoding key enzymes including PAL, CHS, and STS. The constitutively expressed actin gene was used as an internal control. Forward and reverse primers (5'-3') Forward and reverse primers (5'-3') for quantitative RT PCR for semi-quantitative RT-PCR
Real-time and semi-quantitative RT-PCR Primer pairs for each targeted defence-related gene were designed using Primer 3 software as indicated in Table 1 . Realtime PCR was performed on a C1000 TM Thermal Cycler (Biorad, USA) using SYBR Premix Ex (Takara Bio Inc., Japan) as the florescent dye. Amplification was conducted by subjecting the samples to one cycle of 95 • C for 30 s. All reactions were performed in triplicate. Each real time assay was then tested to ensure that there was only a single PCR product using a high resolution melting profiling technique and real-time PCR results were analyzed as previously described (Wu et al. 2010) . Semi-quantitative reversetranscription (RT)-PCR was then performed by subjecting the samples to the following conditions: initial denaturation at 94
• C for 5 min followed by 30 reaction cycles consisting of 45 s denaturation at 94
• C, 45 s annealing at 55
• C and 1 min elongation at 72
• C, and then final extension for 7 min at 72
• C. The PCR products were subsequently analyzed by electrophoresis using a 1.5% (w/v) agarose gel containing 0.01% ethidium bromide at 105 V for 30 min with 0.5X TBE running buffer. After taking the gel picture using a transilluminator (UVP, CA, USA) the expression levels were measured by analysis of the image using a public domain image analysis system (NIH ImageJ, NIH Image, Bethesda, USA).
Evaluation of grey mold severity on grape berries treated with plant extract 'Campbell Early' and 'Kyoho' grapes berries were sprayed with extract of shoots from hairy vetch and ryegrass at 24 h before inoculation with B. cinerea. B. cinerea was grown in petri-dishes at 25
• C on potato dextrose agar (potato starch 4 g, dextrose 20 g, and agar 15 g/L) under 12/12 h light/dark conditions. Spores of B. cinerea were collected from the plates and suspended in 0.24% potato dextrose broth at a concentration of 10 6 spores/mL. A mycelial block (5 mm in diameter) from the pathogenic isolate of B. cinerea grown on potato dextrose agar was used for inoculation. The berry skins were pricked with a sterile needle close to the pedicel and then inoculated either with 50 µL of spore suspension or with a mycelia block on the wounded areas. For a control, berries were treated with sterile distilled water. Treated berries inoculated with the pathogen were then placed on two layers of moist paper towel in a closed box and kept in the dark at 25
• C for 4 days, at which time the diameter of the lesions was measured. Nine berries were used for each replication, and three replications were maintained in this experiment.
Results
Accumulation of stilbene compounds in grape berry skin in response to plant extracts HPLC monitoring of the stilbene compounds content in 'Campbell Early' and 'Kyoho' grape berry skin treated with shoot extract from hairy vetch and ryegrass are shown in Tables 2 and 3 and Fig. 2 . In both cultivars treated with cover crop extract, there was an increase in trans-resveratrol concentration of 4.1 ± 0.0 to 5.3 ± 0.07 µg/g fresh weight (FW) in 'Campbell Early' and 7.6 ± 1.24 to 10.4 ± 0.35 µg/g FW in 'Kyoho' at 0 and 24 h after treatment. Conversely, cis-resveratrol in 'Campbell Early' grape was not detectable at 0 to 6 h, while it reached only 0.8 ± 0.03 µg/g FW at 24 h after extract treatments. Moreover, cis-resveratrol at levels ranging from 0.9 ± 0.05 to 1.01±0.02 µg/g FW was found in 'Kyoho' between 0 and 24 h of incubation. The concentration of piceatannol was enhanced in 'Campbell Early' (3.31 ± 0.0 to 4.34 ± 0.04 µg/g FW) and 'Kyoho' (4.9 ± 0.75 to 8.53±0.28 µg/g FW) berry skin treated with extracts when compared with the control. The concentration of trans-piceid, which is a stilbenoide glucoside, also increased to 2.93 ± 0.0 to 5.29 ± 0.01 µg/g FW in 'Campbell Early' and 1.43 ± 0.01 to 2.76 ± 0.13 µg/g FW in 'Kyoho' berry skins following treatment with extracts of both hairy vetch and ryegrass at 6 and 24 h after treatment. Although trace amounts of cis-piceid were found in 'Kyoho', it was not detected in 'Campbell Early' grape berry skins.
Effects of plant extracts on STS related gene expression
To evaluate the induction of expression of genes related to stilbene compound synthesis in 'Campbell Early' and 'Kyoho' grape berry skin treated in response to treatment with hairy vetch and ryegrass extract, PAL, CHS and STS mRNA levels were analyzed by quantitative real-time PCR and semi-quantitative RT-PCR (Fig. 3) . Actin cDNA, which was expected to show a constitutive expression pattern, was used as a control to standardize the expression of the tested genes. The expression rates of PAL and CHS generally appeared to be higher in both cultivar berry skins treated with extracts at either 6 h or 24 h after treatment when compared to the untreated control. However, CHS was slightly down-regulated with ryegrass treatment after 24 h of incubation in 'Campbell Early' grape, except for the 'Kyoho' cultivar. As shown in Fig. 3 , STS mRNA was found to have accumulated rapidly, with the maximum value being observed at 24 h after plant extract treatment, which was consistent with the changes in stilbene compounds observed in response to extract treatment (Tables 2 and 3 ). These findings indicated that de novo biosynthesis of STS was activated by plant extract treatment, leading to the accumulation of stilbene compounds.
Inhibition of grey mold disease by B. cinerea Grape berries pre-treated with extracts from hairy vetch or ryegrass was assessed for the development of grey mold symptoms 2, 3, and 4 days after inoculation with B. cinerea on both 'Campbell Early' and 'Kyoho' cultivars. Treatment with plant extract significantly reduced the development of lesions in both cultivars (4 days after inoculation) when berries were inoculated with either mycelia blocks or spore suspension (Fig. 4) . However, no or few lesions were developed in treated berries at 2 and 3 days after pathogen inoculation (data not shown). Hairy vetch showed more effective suppression of the development of lesions by B. cinerea inoculation than that exhibited by ryegrass.
Discussion
Biosynthesis of stilbene compounds is initiated in response to a wide range of foreign biotic and abiotic stress factors as a result of increased transcription of stilbene biosynthetic genes and accumulation of the corresponding enzymes (Lanz et al. 1990 ; Rosemann et al. 1991). In the present study, five types of stilbene derivatives were shown to be accumulated differentially in the time courses tested in 'Campbell Early' and 'Kyoho' grape berry skins in response to application of shoot extract from hairy vetch and ryegrass (Tables 2 and  3) , and parallel induction of the genes involved in the pathway of stilbene compound synthesis was observed (Fig. 3) . Since resveratrol is always related to stresses, it is considered to be involved in plant defence response (Fornara et al. 2008; Gatto et al. 2008; Pan et al. 2009 ). Although tested grape cultivars evaluated exhibited differential response patterns in their ability to synthesize trans-resveratrol and trans-piceid in response to plant extract treatment, extracts from hairy vetch and ryegrass were capable of inducing resveratrol production in both 'Campbell Early' and 'Kyoho' grape berry skins. These findings are consistent with reports that resveratrol is mostly bound as cis-and trans-glucosides in grape berry skins (Waterhouse et al. 1994; Mattivi et al. 1995) . Resveratrols have two isomers (trans-resveratrol and cis-resveratrol), which can be transformed to transpiceid and cis-piceid, respectively, in plant tissues. Sun et al. (2009) reported that a mixture of trans-and cisforms is naturally present in the plant materials, while trans-isomer usually predominates. It was observed that cis-resveratrol was not present in the grapevines (especially in the grape skins), but was formed in the course of the initial phase of alcoholic fermentation as a product of trans-resveratrol isomerisation, or as a product of its polymer decomposition (Roggero & Garcia-Parrilla 1995; Soleas et al. 1997; Vrhovsek et al. 1997) . The authors suggested that high content of trans-reveratrol and trans-peceid resulted from: (i) the hydrolysis of itscis-glucoside; and (ii) the isomerization of the transform under a UV irradiation.
This study showed that plant extract treated 'Kyoho' grape cultivar generally produces greater amounts of trans-resveratrol than 'Campbell Early' (Table 1) , whereastrans-piceid was present in higher amounts in 'Campbell Early'. Sbaghi et al. (1995) reported that V. rupestris has a higher potential to produce resveratrol in response to UV irradiation than V. vinifera cv. Pinot Noir. Thus, stimulation of resveratrol (phytoalexins) synthesis in susceptible or tolerant species appears to be strictly determined by the inherent capacity for phytoalexins production, regardless of the type of elicitors (Dercks & Creasy 1989) . Our results showed that cis-resveratrol was highly accumulated in 'Kyoho' cultivar, but only slightly detected in 'Campbell Early' at 24 h after treatment with plant extract, suggesting that the stilbene compound accumulated differentially after exogenous application of extracts from hairy vetch and ryegrass in 'Kyoho' and 'Campbell Early' grape berries.
The content of piceatannol in grape skin of both cultivars was enhanced by tested plant extracts. Piceatannol has been shown to have potent biological properties including antioxidant, anti-cancer, antiinflammatory and anti-obesity activities (Son et al. 2010; Kita et al. 2012; Kwon et al. 2012) , and its effectiveness is related to the degree of hydroxylation. Interestingly, piceatannol has more effective bioactivities than resveratrol because it possesses an additional hydroxyl group at position 3' in ring B forming a catechol structure. This is one of the most effective antioxidant configurations (Piotrowska et al. 2012 ) which could partly explain the increased biological efficacy of piceatannol, as compared to resveratrol. Similar findings have been found in previous studies (Son et al. 2010; Kita et al. 2012) .
Our results also show that PAL, CHS including STS mRNA induction and stilbene compounds (mainly resveratrol and piceid) content in berry skin started to increase at 6 h and peaked at 24 h in response to plant extract treatment (Tables 2, 3 and Fig. 3 ). Plants always reserve defence-related genes that can be utilized directly to synthesize components for defence response when they are exposed to biotic or abiotic stresses. The pattern of STS gene expression in response to plant extract was inconsistent with that of endogenous stilbene compounds, which is in accordance with previous reports that indicated the STS gene family may be divided into two groups. Some of them are expressed early with rapid degradation of produced mRNA and others are expressed later and are slowly activated, but provide more stable mRNA (Boire et al. 2004 ).
In our study, the total concentration of stilbenerelated compounds increased and the development of grey mold was reduced in both cultivars treated with either hairy vetch or ryegrass extract compared to untreated ones. Accumulation of stilbene phytoalexins by plant extract treatments was considered to inhibit grey mold development through enhanced disease resistance to B. cinerea in grapevines, as evidenced by the concentration of resveratrol being positively correlated with resistance (Adrian et al. 1997; Bavaresco et al. 1997) . Therefore, our results clearly showed that tested cover crop species could stimulate the accumulation of stilbene compounds, such as phytoalexins in grape berry skins treated with extracts from hairy vetch and ryegrass. To the best of our knowledge, although it has been reported that the salts of mercury or copper can induce the production of stilbene compounds in Veratrum grandiflorum (Hanawa et al. 1992) , no plant extracts (hairy vetch or ryegrass) have been reported to induce stilbene compounds synthesis and expression of STS mRNA induction in grape berry skin.
In conclusion, our findings indicate that extracts from tested cover crops are potent elicitors of phytoalexins accumulation in grape berry skin that also modulate STS transcription level, which may be involved in enhancing plant defence ability. In particular, tested plant extracts might be used as an alternative to conventional fungicides by inducing resistance responses to diseases, including grey mold in postharvest management of grapes.
